A high-pressure spray injected under gasoline engine conditions in a constant volume chamber is studied in detail using a three-dimensional computational fluid dynamics approach. Both single-component and ternary mixture (n-alkane and alcohols) spray results are compared with the experimental data from shadowgraphy, Schlieren imaging and phaseDoppler anemometry. Activity coefficient models are used to cover non-ideal thermodynamic effects occurring when mixtures of structurally dissimilar components such as alcohols and n-alkanes are considered. Here, the non-random, two-liquid and universal quasi-chemical functional group activity coefficients methods are applied. A ternary mixture composed of ethanol, n-butanol and n-hexane representing the research octane number (RON 95) of gasoline is considered and investigated in detail. To illustrate the non-ideal mixture effects, first the binary mixtures ethanol/ n-butanol, n-butanol/n-hexane and ethanol/n-hexane are studied as subsets of the ternary mixture using a zerodimensional single-droplet evaporation solver. Introducing a differential evaporation factor for multicomponent mixtures, the mixture segregation is characterized. Additionally, a separation factor indicating which component depletes first (volatility) is presented for both binary and ternary mixtures. The zero-dimensional results are then correlated with the three-dimensional computational fluid dynamics simulation results. Looking at the vapor-liquid equilibria of the different binary mixtures, the non-ideal effects are identified. The evaporation behavior of the binary mixtures is compared with the ternary mixtures in terms of droplet lifetimes, temperature and mixture decomposition, where the latter is characterized with the differential evaporation factor and separation factor. These results are afterwards compared with the three-dimensional computational fluid dynamics simulations, which are validated against the experimental data for single-component sprays regarding the liquid and vapor penetration depths. Finally, in the ternary mixture, n-butanol is replaced with iso-octane, the most widely used gasoline surrogate, to illustrate the differential evaporation behavior for a mixture with a higher alkane content than the ternary mixture used for the experiments. Strong non-ideal effects causing significant changes in the vapor composition are presented, as well as changes in the characterization factors, differential evaporation factor and the separation factor, respectively. These results are compared with the single-droplet simulations.
Introduction
For modern gasoline engines, a detailed understanding of the spray and vapor formation of multicomponent mixtures is of great importance. Since biofuel mixtures are composed of many different types of hydrocarbons such as alcohols, n-and iso-alkanes or aromatics, the ternary mixture considered in this work contains ethanol, n-butanol and n-hexane (EBH). Because structurally dissimilar components are expected to behave non-ideally and usually form azeotropes, there is a need for a suitable model to describe the vapor-liquid equilibria (VLE), also covering azeotropic behavior. Consequently, the liquid phase behaves non-ideally and hence the focus of this study is to investigate the influence of the activity coefficient models non-random, two-liquid (NRTL) and universal quasi-chemical functional group activity coefficients (UNIFAC) in comparison to the ideal description (Raoult's law).
Numerical simulations can provide an insight into the underlying phenomena which is difficult to obtain by a single experiment alone. However, only consistent thermodynamics describing the relationship between the gas and liquid phase allow the vapor formation to be predicted exactly, which also influences the subsequent combustion. Therefore, a proper model needs to be applied to describe the VLE at the droplet-gas interface, a model that suitably reflects the thermochemical equilibrium between the gas and liquid mixture.
The influence of the chosen VLE description is investigated in detail for the binary mixtures of EBH as well as for their ternary mixture using a zerodimensional (0D) single-droplet model applying the rapid mixing model (RMM) and a three-dimensional (3D) computational fluid dynamics (CFD) simulation using the Lagrangian approach for the droplet parcels. The multicomponent mixture decomposition induces high species gradients inside the liquid phase, which is why the more sophisticated diffusion limit model (DLM) including one-dimensional species and temperature equations might be the appropriate choice, as demonstrated in Landis and Mills, 1 Law, 2 Makino and Law, 3 Kneer et al., 4 Sirignano 5 and Keller et al. 6 Applying this model, the droplets are resolved in radial layers which have their own temperature and composition. However, because of the high computational effort in 3D CFD simulations, it is not yet feasible. Furthermore, convection effects inside the droplet also affect the species and temperature transport and it is still in discussion 5, 7, 8 whether these effects are relevant in real spray applications.
The droplet decomposition is illustrated using a differential evaporation and a separation factor. 6, 9 First, the effect of the chosen VLE on the evaporation behavior of the binary mixtures of the three components is investigated under engine-like conditions for a single droplet, demonstrating the interactions between the different species because of their molecular structure. Furthermore, single-droplet evaporation is simulated using the ideal and non-ideal methods for the ternary mixture with identical conditions. Finally, these results are used to study the effect of thermodynamics in a 3D Lagrangian simulation for high-pressure gasoline spray injection with a six-hole series nozzle.
Numerical model
The numerical simulations are performed with two different applications. The single-droplet evaporation model is implemented in an in-house code suitable for simulating multicomponent evaporation with different non-ideal thermodynamics. The 3D CFD simulations are performed with OpenFOAM Ò (version 2.0.x), modified to account for non-ideal multicomponent mixtures. Since both applications use a 0D RMM for the individual droplet, the liquid phase equations are valid for both implementations. However, the gas phase description differs. For single-droplet simulations, it can be assumed to be quasi-steady 5, 10, 11 while for the Lagrangian description conservation equations for mass, momentum and energy, as well as species transport equations, have to be solved in 3D.
Gas phase
Subsequently, the two different descriptions of gas phase treatment are given for the single 0D droplet followed by the 3D model. Single-droplet model. Only quiescent atmospheres are considered to demonstrate the binary and ternary mixture evaporation of single droplets in section ''Results.'' The species transport and energy conservation equations can be used to derive the gas phase equations. The diffusion equations for the mass fractions of species i in spherical coordinates for a multicomponent mixture are given as
with the overall fuel evaporation rate _ m F , the fractional evaporation rate O i = _ m i = _ m F , the mass fraction of vapor species i in the gas phase Y i,v , the gas phase density r g , the diffusion coefficient D g im of species i and the radial coordinate in the gas phase r defined in r s 4 r \ N, respectively. The subscript s denotes the surface values and r s is the droplet radius. Similarly, the energy conservation equation can be written according to [11] [12] [13] 
with heat capacity at constant pressure c p , the gas and surface temperatures T g and T s , the latent heat of vaporization at droplet temperature related to all evaporating species L = P i O i Dh v, i , the heat on the inner droplet surface responsible for droplet heating _ q l and the thermal conductivity l, respectively. The gas phase (together with the vapor species, marked by v) is denoted by the subscript g. The heat flux on the inner droplet surface is given by
If Le = 1 in the gas phase (l g =c p, g = r g D g im ) and c p,g = c p,v are assumed, the integration of equations (1) and (2) leads to the total mass evaporation rate
with the Spalding mass transfer number B m according to
Here, Y F, s = P i Y i, v denotes the sum of all fuel vapor mass fractions at the droplet surface and Y F,N the sum of all fuel vapor mass fractions in the surrounding gas phase infinitely far from the droplet surface (set to 0 for the single-droplet results and taken from the CFD cell in the 3D simulations). A discussion of the potential implications with respect to these assumptions is given in Sirignano 5 and Sazhin. 11 To correlate the gas and liquid phases, the vapor mass fractions Y i,v at the interface have to be evaluated using a suitable VLE method discussed in section ''VLE.'' 3D model. The processes have to be described on two scales. The cell size is significantly larger than the droplet diameter where the gas phase equations are solved. The modeled subgrid processes are included in the form of suitable source terms that couple the gas and liquid phases. Since the cases considered are non-reactive, chemical source terms are omitted.
The equations for the species partial densities that are required for multicomponent mixtures read
where r i = rỸ i is the partial density of gas species i,Ỹ i the mass fraction of species i,ũ the gas velocity field, D eff the effective diffusivity (including laminar and turbulent diffusion modeling) and _ r s i the evaporation source term. N p defines the number of droplets inside a Lagrangian parcel. The sum over all species converts equation (7) to the continuity equation
The gas phase momentum equation is formulated as
with the stress tensor
the specific body force g, the kinetic energyk and the spray momentum source term F s . 14, 15 The energy conservation equation in the form of sensible enthalpy reads
with the sensible enthalpyh s , effective thermal diffusivity a eff = a + m t =( rPr h ) and source term due to heat transferred from and to the parcels and due to evaporation _ Q s . The quantities denoted by a tilde are Favre-averaged. The turbulent kinetic energyk and the turbulent dissipationẽ are solved using the k-e model by Launder and Sharma. 16 This model has shown good results in spray injection studies before. 17 
Liquid phase
In both numerical models, the liquid phase is described using the RMM, which accounts for homogeneous species and temperature distribution inside the droplets. The underlying equations can hence be used for the 0D and 3D simulation methods. A detailed discussion has been presented in Keller et al. 6 and Bader et al. 9 Only a short summary is given below.
The evaporation rate of species i is described by
The sum over all liquid components yields the total mass change in the droplet
The radius and components' mole fractions are given by
and
with the partial liquid density r i,l , the liquid mole fractions X i,l and the mixture molar volume V m,l . The temporal change in the surface temperature is determined by
with _ q l by equation (3) and _ m F by equation (5) . The heat transfer coefficient a is calculated with
The Lagrangian droplet description in 3D additionally needs a momentum equation accounting for the droplet movement and coupling to the gas phase
where C d denotes the droplet drag coefficient. The droplet diameter at the time step (n) is determined by
noting that in the Lagrangian equations are not solved for droplets but for stochastic parcels containing droplets of the same size, mass, composition and temperature.
VLE
The vapor mass fractions at the liquid-gas interface Y i,v are determined applying a suitable VLE. In general, using the g-u approach, the VLE can be written as
which simplifies to Raoult's law, if the activity coefficients g i and the gas phase correction u i are unity. The latter combines the gas fugacity coefficients and the Poynting correction. 6, 9 The cases considered in this work operate on moderate pressures up to 8 bar only, which is why u i ' 1 and hence gas non-idealities can be neglected. The vapor pressures p vap,i can be determined by appropriate polynomials such as the Wagner equation. 18 The vapor mass fractions are obtained from the vapor mole fractions X i,v by
with the mixture molar weight M m, g = P i X i, g M i . Here, the liquid activity coefficients g i are determined by either the NRTL or the UNIFAC method. Detailed descriptions of these two models are given in Renon and Prausnitz 19 and Gmehling et al., 20 respectively.
Experimental and numerical setup
The 3D CFD simulations are compared with the experiments described and validated for binary biofuel mixtures in Keller et al. 21 The experimental setup is depicted in detail in Knorsch et al. 22 In general, the optically accessible spray chamber is operated under gasoline engine conditions to study the liquid and vapor penetration as well as droplet sizes. A detailed overview over the different experimental techniques is provided in Keller et al. 21 and Knorsch et al. 23 The general setup of the chamber is depicted in Figure 1 .
To study different operating points, the ambient temperature and pressure, as well as the rail pressure, can be varied independently. The operating points considered are listed in Table 1 . To measure the liquid and vapor penetration and droplet sizes, three optical windows are provided.
The chamber is operated with inert nitrogen atmosphere in all considered cases. The gas flow with velocity between 3 and 10 cm/s can be considered quiescent compared to the velocity of the liquid jet around 100 m/s. The injection pressure is at 20 MPa and the liquid temperature conditioned to T l = 353 K. The injection duration was set to 1 ms after visual start of injection (avSOI), which also includes electrical activation leading to a delay in the spray injection of about 200 ms, which is compensated for at the end of the injection.
Several liquid mixtures and single-component sprays have been investigated. The liquid mixture considered in this work is composed of EBH (75, 15, 10 vol%), which was designed to cover the research octane number (RON) of gasoline (RON 95).
Examples of the experimental results for the liquid and vapor penetration measured with shadowgraphy and Schlieren imaging, respectively, are shown in Figures 2 and 3 for ethanol at 1 ms avSOI and OP #1.
Numerical model
The equations given above were implemented in two different frameworks. The single-droplet solver is written in an in-house program able to calculate the droplet evaporation of multicomponent mixtures. The Eulerian-Lagrangian CFD solution is obtained with . For the first, a droplet of size 100 mm is evaporated at operating conditions equal to those used in the 3D simulation. For the latter, a 3D homogeneous mesh with initially 20,000 cells with a length of 2 mm is provided, refined adaptively depending on the local fuel-to-gas ratio 24 up to 400,000 cells, which yields a length of 0.5 mm for a two-level refinement. There are no breakup or atomization models considered here. The initial droplet sizes are prescribed by a Rosin-Rammler distribution adapted to phase-Doppler anemometry (PDA) measurement data given at an axial distance of 15 mm. The considered mixtures are given in Table 2 , where the binary mixtures are composed in the ratio the components are contained in the ternary mixture EBH.
Results
Subsequently, the single-droplet and spray results are discussed for single components, binary and ternary mixtures of EBH. The main aspect of the investigations is to work out the influence of non-ideal thermodynamics on the evaporation and the mixture segregation/differential evaporation.
VLE modeling
The isobaric VLE of a binary mixture is characterized by two curves representing the boiling and condensation temperatures for all possible mole fractions. The curves are limited by the pure component states, which are the boiling temperatures. For each temperature between these two limits, an isothermal line provides the corresponding liquid and vapor composition. Inversely, for a given liquid composition, the boiling temperature can be found vertically from the mole fraction value and the vapor composition horizontally to the intersection point. Figure 4 represents the VLE of ethanol/n-butanol mixtures at p = 1.013 bar. It can be seen that the ideal and non-ideal methods (NRTL and UNIFAC) correlate very well with the experimental data from Seo et al. 25 For binary mixtures of these two alcohols with n-hexane (n-alkane), the behavior is completely different. The VLE of ethanol/n-hexane and n-butanol/ n-hexane mixtures are depicted in Figures 5 and 6 , respectively, at p = 1.013 bar. The results obtained with the ideal method now strongly differ from the experimental data given in Kudryavtseva and Susarev 26 and Dominguez et al. 27 Furthermore, the prediction of the boiling and condensation temperatures compared with the experimental data is better with the UNIFAC method than with the NRTL model. These differences occur because the standard model coefficients were applied without adaption to the experimental data. Hence, the UNIFAC method provides better results with the standard coefficients and is therefore more suitable for the cases considered here. For other mixtures, as e.g. discussed in Bader et al. 9 and Keller et al., 21 the NRTL model may give comparable or even better results than the UNIFAC method. Additionally, it can be seen that the alcohols form azeotropes with nhexane. Depending on the mixture composition, which can be either to the left or right of the azeotropic point, the evaporation behavior of the mixture changes and the highly volatile component (based on the vapor pressure) might remain inside the droplet, as discussed in detail in Keller et al. 6 Because the UNIFAC method has shown a better agreement with the experiments for the considered mixtures, it will be used for the investigations discussed below.
Single-droplet model
In the previous section, the VLE of the binary mixtures of the three combinations of EBH was investigated to characterize a ternary mixture (EBH) of these three components. The results are now assigned to singledroplet investigations, where the ratios of the ternary mixture components are used to initialize the binary mixtures. The setup is given in Table 2 . The reason for this approach is that differential evaporation effects are much easier to identify for binary than for ternary mixtures. The evaporation progress is investigated by analyzing the decrease in d 2 , where d is the instantaneous diameter. The d 2 development of the three binary mixtures as well as those of the EBH mixture is given in Figure 7 for OP#2. As can be seen, the droplet lifetimes (DLTs) are not influenced by the thermodynamic model choice. However, the mixtures differ in their evaporation behavior. Because of the high content of nhexane in the n-butanol/n-hexane mixture and its low boiling temperature (and therefore high vapor pressure), this mixture evaporates faster than the others. The ethanol/n-butanol mixture evaporates slowest Exp., Tboil Exp., Tcond Figure 6 . Calculated VLE of n-butanol/n-hexane mixtures compared with experimental data from Dominguez et al. 27 at p = 1.013 bar. The temporal evolution (scaled by the end of DLT) of the mixtures' surface temperatures as illustrated in Figure 8 confirms these correlations. The temperature of the binary ethanol/n-hexane mixture increases to a lower level than mixtures containing n-butanol, which always remains as least volatile component inside the droplet as illustrated for the EBH mixture in Figure 9 . The n-butanol/n-hexane mixture rapidly increases to a constant temperature that is also reached by the ethanol/n-butanol and EBH mixtures almost at the end of DLT. Since the content of n-hexane inside the EBH mixture is very low, the latter two mixtures evaporate almost identically. Only the non-ideal model causes slight deviations from the other results. Nonetheless, in comparison to the EBH mixture, the effect of mixing alcohols and n-alkanes is much higher for the binary cases.
To indicate which component leaves the droplet first, the separation factor can be used. 9 With the equilibrium constant reading
defining the ratio between the vapor and liquid composition, the binary separation factor a ij can be written according to
If gas phase non-idealities are neglected, the liquid fugacity (rather than the vapor pressure, as in the ideal case) defines the volatility of the components. Hence, the higher the volatility, the larger the corresponding K i . From equation (23) , it follows that if component i is the more volatile component, a ij . 1. For the ideal mixtures of the components considered here, in particular, this is always valid, since the polynomials of vapor pressure do not coincide. With activity coefficients obtained with the non-ideal approach, this does not necessarily hold, since they are strongly dependent on the liquid composition. This has been discussed in Bader et al. 9 The temporal change in the separation factors of the binary mixtures compared with the EBH mixture is presented in Figures 10-12 . The factor a eth,but is almost identical for both mixtures and models. This is because ethanol and n-butanol are the main components inside the EBH mixture considered (90 vol%). Furthermore, they have a similar structure due to the polar hydroxyl group, which is why the ideal method could be applied at least for the binary mixture of these two components. In the mixture with n-hexane, n-butanol is always the least volatile component and the separation factor a but,hex is smaller than 1. Although the value is even lower when the UNIFAC method is applied, this does not change the general evaporation behavior. Finally, the binary ethanol/nhexane mixture shows how applying the non-ideal model influences the separation of components. While, with the ideal model, the components ethanol and nhexane evaporate almost simultaneously for both the binary and ternary mixture, in the case of UNIFAC, nhexane is depleted much faster (see Figure 9 for comparison).
While the separation factor illustrates the instantaneous state of the mixture, the entire evaporation process can be tracked by integrating over the fractional evaporation rate. The differential evaporation factor (DEF) 6 was introduced for binary mixtures and describes the tendency of the mixture to evaporate in a simultaneous or segregated manner. Because of its symmetry, only one factor is needed to describe the binary mixture segregation
where Y 1,l can be chosen arbitrarily from the two components. If w bin = 0, the components would leave the droplet simultaneously; for w bin = 1, they would evaporate in a completely segregated manner. In order to account for multicomponent mixtures, equation (24) has to be slightly modified, since w bin is no longer symmetrical. The multicomponent mixture is split into binary ones, where the DEF again describes the evaporation behavior of the corresponding two components. For that reason, two scaled variables representing the current vapor mass fractions Y ij and initial liquid mass fractions G 0 ij within the binary subset of the multicomponent mixtures are introduced
The new form of DEF w ij then reads
Again, this factor is symmetric for the components i and j. It gives information about how the two components evaporate. The limits of w ij at 0 and 1 define the rapid regression and sequential evaporation limits. However, it does not provide any information on the general evaporation behavior of the multicomponent mixture, since the third component might behave completely differently. This can also be observed for the considered ternary mixture. In Figures 13-15 , the results for the three binary mixtures are compared with the ternary mixture DEFs. Omitting n-hexane does not affect the value of the DEF between ethanol and n- Figure 11 . Temporal evolution of separation factors a but,hex of binary n-butanol/n-hexane and ternary EBH mixture at OP#2. butanol. This means that independently of the thermodynamic model used or the content of n-hexane, ethanol and n-butanol will always evaporate with a significant degree of separation. For the mixture of nbutanol with n-hexane, the degree of separation is decreased if the ideal model is applied; for the ethanol/ n-hexane mixture, it predicts almost simultaneous evaporation. This conforms the results for the separation factor presented before, where a was almost 1 for ethanol to n-hexane equilibrium constants. The illustration of the components' total mass change inside the droplet further verifies these results ( Figure 9) . Obviously, the ethanol and n-butanol masses (related to their initial masses) only change slightly when the thermodynamic models are switched. However, the n-hexane mass inside the droplet changes significantly. While it decreases similarly to the mass of ethanol using the ideal approach, it is depleted much earlier for UNIFAC. This indicates that only n-hexane causes strong deviations from ideal behavior, which is due to the molecular interactions between the n-alkane with the two alcohols. However, the results of the binary mixtures and the EBH mixture are very similar.
From the single-droplet investigations above, it can be concluded that although the n-alkane content is very low inside the mixture, the composition and thus the vapor concentration at the surface are affected significantly by the interactions with the alcohols.
Furthermore, the use of DEF and the separation factor also allows the evaporation behavior of multicomponent mixtures to be characterized. Looking at the partial binary mixtures, the mixture segregation can be quantified. In the next section, the multicomponent evaporation and the corresponding spray structure for full 3D simulations are discussed.
Eulerian-Lagrangian CFD simulation
First, the simulation results of single-component ethanol and n-butanol sprays for OP#2 are presented and compared with the experimental data. Following that, the multicomponent spray structure based on the components discussed is investigated applying the UNIFAC model. The last part investigates another ternary mixture, where n-butanol has been replaced by iso-octane, which is the most widely used gasoline substitute in numerical studies.
Single-component sprays. Since vapor penetration measurements are not available for the ternary mixture considered, the simulations have been validated with the single-component experimental data. The liquid penetration depths are given in Figure 16 and the vapor penetration depths in Figure 17 . The threshold was set to 1% of the liquid mass and 0.1% of the vapor mass fraction for the simulation results and the experimental threshold for the shadowgraphy images at 45 out of 256 grayscale values. For the Schlieren image evaluation, similar values were used. With these thresholds and a droplet size distribution adapted to the ternary mixture's PDA measurement data (section ''Ternary mixture simulations''), very good agreement between the two data sets was achieved.
Because multiple injections were recorded (10 for each time step of Schlieren imaging and 32 for shadowgraphy) to cover fluctuations in the spray injection, the minimum and maximum values of the image evaluation are plotted for comparison with the simulation results. Since unsteady Reynolds-averaged Navier-Stokes (URANS) simulations were performed here, only average values for the liquid and vapor penetration are obtained. Although the substance properties such as boiling temperature and vapor pressure, which are relevant for the evaporation characteristics, are very different for the two alcohols, the results are almost identical. During the injection of the spray, the momentum transfer from the liquid to the gas phase is dominant, that is very similar for both species. Furthermore, the threshold for the vapor is very low; hence, only the vapor's occurrence is illustrated, but not its quantification. This can be extended to the ternary mixture, which is mainly composed of these two components and hence gives very similar results.
Ternary mixture simulations. Because of the availability of the experimental data, the initial droplet sizes are provided by a Rosin-Rammler distribution adapted to PDA measurement data. For OP#1 and #2, Figures 18  and 19 illustrate the droplet size distribution obtained using PDA measurement, the fitted Rosin-Rammler distribution and the simulation results obtained with the ideal and non-ideal models at 0.5 and 1 ms avSOI. The experimental data were taken at an axial distance of 15 mm, which is sufficiently far away from the nozzle as discussed in Keller et al. 21 and Xiao et al. 28 These data represent the droplet size distribution averaged over five radial positions at the corresponding plane and were sampled over the complete injection time.
Although the droplet size distribution is used at the injection position, the profile is almost exactly recovered at the 15 mm position, and thus the simulation yields good agreement with the experimental data for both operating points and instants in time.
In Figures 20 and 21 , the liquid penetration of the ternary mixture is depicted for OP#1 and OP#2, respectively. For the colder case (#1), the agreement is again very good. There is no unique choice of the threshold Figure 18 . Droplet size distribution of the EBH mixture determined using PDA data, Rosin-Rammler distribution and the UNIFAC method at 15 mm axial distance for OP#1 at 0.5 and 1 ms avSOI.
for evaluating the shadowgraphy images. Thus, for OP#2, we also plot a second curve obtained using a lower threshold, showing the sensitivity to this choice especially when comparing to the numerical data, which does predict the steady increase in the penetration depth. Obviously, 99% of liquid mass seem to be spread over a larger distance in the simulation, which cannot be captured by a fixed threshold for each case. When the threshold is adapted to the experimental data, good agreement with the simulations is found again. As discussed above, the DLTs do not change if different VLE approaches are used. This is directly reflected in the liquid penetration depth, explaining why no significant difference can be seen. However, the local vapor composition is changed. Looking at Figure  22 , large deviations can be found between the two approaches. The left contour plot illustrates the ethanol, the middle plot the n-butanol and the right plot the n-hexane vapor contour profiles. Each of the figures shows the ideal and UNIFAC results. For the components ethanol and n-butanol, the local differences are at first sight very small, and n-hexane indeed strongly differs. This has already been observed before and is fully consistent with the single-droplet studies.
Subsequently, the differential evaporation behavior of the EBH mixture components is analyzed in more detail. After the droplets are evaporated completely, the components' masses must be fully found in the gas phase. Hence, the vapor mass ratio provides information about the state of differential evaporation. For these vapor ratios Y i,v /Y j,v of the components, large differences occur. In Figures 23-25 , the vapor mass ratios of the components are shown along the spray axis for OP#2, compared with the initial liquid mass ratio. As the contour plots demonstrated, the ethanol-to-n-butanol ratio is very similar for both VLE methods. Because of the initially high evaporation rate of ethanol, the ratio is much higher than at an axial distance of 60 mm, where n-butanol and thus the droplets are completely evaporated. In that situation, the vapor composition is equal to the initial liquid composition. However, for the ratios of ethanol to n-hexane and nbutanol to n-hexane, the behavior changes. While the ideal model again predicts the vapor composition as being equal to the initial liquid composition, the vapor mass fractions determined with UNIFAC change. As shown for the single-droplet model in Figure 9 , the nhexane evaporation rate is much higher at the beginning and it depletes much faster than with the ideal method, which is why the ratios of ethanol and nbutanol to n-hexane are much lower than the initial liquid ratio. At a distance of 60 mm, the vapor that evaporated earlier has spread much further because of diffusion and the n-hexane mass fraction is much lower than it was simulated with the ideal model. This is very important since the local composition of vapor affects subsequent phenomena such as combustion.
This strong differential evaporation behavior can again be confirmed by the separation and DEFs Figure 19 . Droplet size distribution of the EBH mixture determined using PDA data, Rosin-Rammler distribution and the UNIFAC method at 15 mm axial distance for OP#2 at 0.5 and 1 ms avSOI. obtained, where it is much lower with the UNIFAC method, and hence the evaporation of n-hexane dominates. The DEF also gives almost the same values as for the single-droplet model, where at 2 ms avSOI the 3D simulation results are even closer to those of the single-droplet simulation. The non-ideal results show a much stronger segregation of the Lagrangian droplets than the ideal model does. This again confirms the above findings for the vapor composition.
Based on these results, two important conclusions are found. First, it was discovered that for the EBH mixture considered, strong non-ideal effects occur which significantly affect the vapor composition. Second, the single-droplet model results can be directly transferred to the 3D CFD simulations with Lagrangian droplets. Hence, preliminary studies with the fast and easy-to-analyze 0D model can be used to characterize the vapor formation in combustion chambers in advance.
Ternary mixture modification
The EBH mixture investigated before was mainly composed of alcohols. Another realistic mixture representing the gasoline RON 95 is obtained by exchanging n-butanol with iso-octane using the same volumetric fraction. The resulting mixture ethanol/iso-octane/ n-hexane (EIH) is listed in Table 2 . As illustrated in Keller et al., 21 iso-octane and ethanol show a very interesting behavior regarding the sequence of evaporation as, depending on the position relative to the azeotropic point, either ethanol or iso-octane becomes the light end.
The VLE of the new binary mixtures are given in Figures 28 and 29 . Now, non-ideal behavior is observed for the components with high mass fractions. On the other hand, the mixture of iso-octane and n-hexane behaves almost ideally.
The volume fractions of the EIH mixture are equal to those of the EBH mixture. The corresponding mole fractions are now 88.5 mole% ethanol, 6.3 mole% iso-octane and 5.2 mole% n-hexane. Again creating a binary mixture as a subset of the EIH mixture, while keeping the volume fraction ratios constant, the resulting binary mixture of ethanol and iso-octane would contain 93.4 mole% ethanol and 6.6 mole% isooctane, which is located to the left of the azeotropic point in Figure 28 . In a phase diagram, the liquid always moves along the boiling temperature curve to the higher temperature. For the ideal behavior, this is pure iso-octane and for the non-ideal behavior it is ethanol. The masses of a droplet evaporated at OP#2 reflect this accordingly, as illustrated in Figure 30 . While, with the ideal method, iso-octane is contained until the end of DLT, it depletes with non-ideal behavior right after n-hexane. The most volatile component n-hexane evaporates at a higher rate when the UNIFAC method is applied, while the evaporation behavior of ethanol is almost unchanged and only slightly slows down. The influence of the VLE model is also represented by the separation factor as given in Figure 29 . VLE of iso-octane/n-hexane mixtures compared with experimental data from Prasad et al. 30 at p = 0.958 bar. Figure 31 . While the factors compared with n-hexane are always smaller than 1, the ethanol/iso-octane values change for the different VLE methods. With ideal VLE, it is larger than 1, implying that ethanol leaves the droplet before iso-octane. However, with UNIFAC, it becomes smaller than 1, which confirms that iso-octane has a higher evaporation rate. As discussed before, the single-droplet investigation trends were also found in 3D CFD simulations. Next, 3D CFD simulation results are discussed to assess whether it is found again for this highly non-ideal mixture EIH. The vapor distribution obtained from the simulation is illustrated in Figure 32 . The differences for ethanol and iso-octane are clearly visible. Obviously, the ethanol vapor is higher near the injector position in the left spray (ideal VLE), while iso-octane is much higher for the right spray (UNIFAC). Figure 33 shows both the vapor mass ratios and the initial liquid mass ratio of ethanol to iso-octane. While the ethanol mass is much higher than the iso-octane mass in the case of the ideal model, which is due to the depletion of ethanol in the droplets, it decreases to a value far below the ideal one with the non-ideal approach. Looking at the contour plots, it can be seen that although the ethanol evaporation rate decreases, there is still a large amount of ethanol vapor in the gas phase. Hence, the lower value of the mass ratio is caused by the depletion of iso-octane, which confirms the results obtained with the single-droplet model.
Finally, the separation factor of ethanol relative to iso-octane is given in Figure 34 . The spray simulation results again reflect the single-droplet values very well, which gives the opportunity to use the single-droplet solver as a first step to evaluate the differential evaporation behavior in multicomponent sprays. 
Summary and conclusion
The scope of this work is to investigate the differential evaporation behavior of a ternary EBH mixture. This is carried out with both single-droplet and full 3D CFD simulations, which are discussed and compared with the experimental data where available. Looking at the binary VLE of each subset of the ternary mixture, it was found that the ethanol/n-butanol mixture behaves almost ideally because of the similar structure, while for the other two, ethanol/n-hexane and n-butanol/n-hexane, an azeotrope is formed. Hence, the latter two mixtures show strong non-ideal behavior. Since UNIFAC yields better results than NRTL when compared with the available experimental data, it is used for the subsequent studies.
Looking at the single-droplet simulations, it can be observed that the DLTs and surface temperatures are almost unaffected when the ternary mixture is replaced with an ethanol/n-hexane mixture, but changes significantly for the other two binary mixtures. Furthermore, the choice of VLE model mainly affects the liquid composition and surface temperatures, but not the DLTs. The differential evaporation behavior and mixture separation is quantified with the DEF and separation factor, respectively. A modification is presented to account for an arbitrary number of components and the influence of the VLE model. For the selected mixtures, the differential evaporation is stronger if the non-ideal model (i.e. the UNIFAC method) is applied, while with ideal model the components evaporate almost simultaneously. Especially, mixtures composed of structurally dissimilar components such as the ethanol/n-hexane mixture, which have similar boiling temperatures and vapor pressures, show a strong dependency of the differential evaporation on the thermodynamic model.
The 3D CFD simulations are validated with the experimental data for the liquid (shadowgraphy results) and the vapor penetration depths (Schlieren). PDA measurements of the droplet sizes are used to define the droplet size distribution at the injection position.
The differential evaporation is demonstrated with contour plots showing significant differences for the two VLE approaches. Furthermore, the vapor mass ratios, separation factors and DEFs illustrate the comparability of the 0D single-droplet results with the full 3D CFD simulations. The same evaporation effects concerning the mixture separation as well as the results' dependency on the VLE model are obtained in the spray simulation. The effect of differential evaporation is increased by the real thermodynamic behavior, and this is quantified for both the average value and the distribution of the DEF.
The EBH mixture investigations demonstrate that the content of 10 vol% n-alkane in the mixture with alcohols causes major deviations from ideal behavior. As soon as n-hexane is completely evaporated, the remaining ethanol/n-butanol mixture evaporates separately but almost ideally.
Additionally, another mixture replacing n-butanol with iso-octane, the most widely used representative single-component gasoline surrogate, is investigated, showing strong non-ideal behavior. This is found again not only in the single-droplet studies but also in 3D CFD simulations. Significant differences in the mixture decomposition are found for the two VLE methods. While ethanol leaves the droplets before iso-octane with Raoult's law, with UNIFAC iso-octane depletes first. This change in the differential evaporation affects the vapor composition, as illustrated in the contour plots.
Finally, it is important to note that biofuel components such as alcohols lead to a considerable differential evaporation behavior. The resulting vapor fields differ strongly in their relative proportions to the initial liquid compositions. This is further increased by the non-ideal thermodynamic behavior. Figure 33 . Vapor mass ratio of ethanol to iso-octane along the spray axis for OP#2 at 1 ms avSOI.
